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ABSTRACT: Differential scanning calorimetry after fast, 200 K min-', and slow, 10 K min-', cooling rates 
was used to study the glass-transition temperature, Tg, and the crystallization and melting of dimethylsiloxane, 
DMS, microphases in styrene-dimethylsiloxane (S-DMS) block copolymers. The Tg's of amorphous DMS 
microphases in S-DMS diblock copolymers containing 528 wt % DMS were 6 K lower than the Tg = 145 
K of slightly crystalline PDMS. This Tg lowering was apparently caused by thermal stress effects, as confirmed 
by calculations. Under the conditions of these experiments, DMS blocks with molecular weights 53800 did 
not crystallize, while those with molecular weights 115 400 were semicrystalline. The degree of crystallinity 
of semicrystalline DMS microphases which had been cooled from above the crystallization temperature at 
10 K min-' and then reheated at 10 K min-' averaged 10% higher in samples containing 1 7 1  wt % DMS 
than in those containing 5 5 3  wt % DMS. These results are probably connected with the surface-to-volume 
ratios of the microphases. Single melting peaks were observed in samples that had been cooled at 10 K m i d ,  
while double melting peaks were observed in samples that had been cooled at 200 K min-'. 

Introduction 
In a previous publication from this laboratory,l glass- 

transition data obtained by using differential scanning 
calorimetry (DSC) on dimethylsiloxane (DMS) micro- 
phases in some styrene-dimethylsiloxane (S-DMS) diblock 
copolymers were reported and discussed. Most of the 
DMS microphases made up of blocks with number-average 
molecular weights above 3600 were semicrystalline, but 
crystallization and melting data were not reported in that 
work because of problems with base lines in the crystal- 
lization and melting region obtained by using the DuPont 
990 thermal analyzer. The DMS glass transitions of the 
amorphous DMS microphases were broadened relative to 
those of polydimethylsiloxane (PDMS), while the heat 
capacity change a t  the glass transition, AC,, was compa- 
rable to that of PDMS. The Tg's of five fully amorphous 
DMS microphases were reported; one of these was 2 deg 
less than that of PDMS while the rest were 4-10 K higher 
than that of PDMS. The results were discussed qualita- 
tively in terms of the thermal stress field that exists in 
these samples below the Tg of the styrene (S) microphases. 
This thermal stress field is caused by the unequal coef- 
ficients of thermal expansion of the two phases below the 
S microphase Tg. The rubbery DMS microphase has a 
larger thermal expansion coefficient than the glassy S 
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microphase. When the rubbery DMS microphases are 
inclusions in the glassy PS matrix, these DMS inclusions 
are under a greater dilatational stress as the temperature 
decreases farther below the S microphases Tr This dila- 
tational stress is equivalent to a pressure decrease and thus 
leads to a decrease in the Tg of the DMS inclusions in the 
S microphase. The same argument holds for any rubbery 
inclusion in a glassy matrix. As an example, the thermal 
stress field in both phases in rdbber-modified plastics such 
as high-impact polystyrene (PS) was studied by Paterno 
and Sternstein2 who found that the dilatational stresses 
in the rubber particles should and do lead to a small de- 
crease in Tg of these particles. Their work also indicates 
that an increase of the Tg of a rubbery microphase should 
be expected when this phase comprises the matrix instead 
of the inclusion. The calculations of the expected T, in- 
crease are not straightforward and have not yet been at- 
tempted. The rubbery matrix should be able to  sustain 
a stress field up to a few diameters away from the glassy 
inclusions. This leads to a small increase of the Tr Earlier 
work by Beck et al.3 only estimated the thermal stresses 
on rubbery inclusions in glassy matrices. 

In the present work, the use of a much more accurate 
and precise DSC than that used in the previous work al- 
lowed us not only to obtain significant information on the 
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a t  10 K min-'. A few crystallization data were collected during 
cooling. Glass-transition temperatures were obtained from heat 
capacity, C,, vs. temperature, T,  plots; the T, was the temperature 
at which the experimental C, vs. T curve crossed a point halfway 
between the extrapolated rubbery and glassy or semicrystalline 
base lines. The width of the glass transition, ATg, was the dif- 
ference between the temperatures a t  which the tangent to the 
C, vs. T curve a t  Tg intersected the glassy or semicrystalline base 
line and the rubbery base line. The heat capacity change a t  the 
glass transition, AC,, was the vertical distance between the ex- 
trapolated glassy or semicrystalline base line and the rubbery base 
line a t  Tr These parameters have been shown graphically in 
Figure 1 of ref 1; the reasons for choosing the above definition 
of ATg were discussed in ref 1. In the analysis of melting en- 
dotherms of DMS microphases, the high-temperature end of the 
melting peak was used as the melting point, T,, of the microphase 
because of the generally large melting range of polymers. Melting 
points of nonpolymeric standards were taken as the temperature 
corresponding to the intersection between the extrapolated base 
line before the transition and the extrapolated leading edge of 
the melting transition peak. Heats of crystallization and fusion 
were calculated from the areas under the crystallization and 
melting peaks. 

Results and Discussion 
Block Copolymer Characterization. Table I shows 

t h e  composi t ion and molecular  weight  data obta ined  on 
the block copolymers used in  this  work. Diblock copolymer 
samples a r e  designated DI-, and tr iblock copolymers a r e  
designated TR-. The designat ions of the 11 diblock co- 
polymers ,  samples DI-1 t h r o u g h  DI-5 and DI-9 t h r o u g h  
DI-14, that were s tudied  previously1 a r e  a lso shown  i n  
T a b l e  I. Most of the samples had only a single p e a k  in  
the i r  SEC traces. Two samples ,  DI-3 and DI-8, however,  
showed a secondary  p e a k  and t h r e e  samples, DI-1,  DI-6, 
and DI-10, had a shoulder on  the low molecular weight side 
of the i r  SEC traces. T h i s  implies  a smal l  a m o u n t  of 
homopolymer contaminat ion  in  these samples  as f u r t h e r  
shown  b y  the fac t  that samples  DI-6 and D-8 had the 
largest M w / M n  ratios of a n y  of the samples, 1.83 a n d  1.62, 
respectively. As usual wi th  block copolymers,  therefore ,  
the samples  w i t h  the la rges t  Mw/Mn ra t ios  had the 
broadest composi t ion dis t r ibut ions.  Chromatograms  of 
some  of t h e  samples  were obta ined  at different  t imes  t o  
look for sample decomposition, but no changes were found. 
It should be noted  that samples  T R - 4  and T R - 5  were 
fract ions of TR-3 and that samples  T R - 7  and TR-8 were 
fractions of TR-6.  Previous SEC data on  S-DMS diblock 
copolymers had been obtained in  toluene solution' in which 
the homopolymers have different calibration curves. Data 
were nevertheless  evaluated at that t i m e  as if the co- 
polymers  were PS. In t h e  cases i n  which the block co- 
polymers  had DMS contents  of a b o u t  50 wt 70, the mo- 
lecular  weights  es t imated  earlier in  toluene solut ion a r e  
about 1070 lower than t h e  correct  ones found i n  the 
present work. Samples  DI-2 and DI-5, containing 68  and 
71  wt  70 D M S ,  respectively, could not b e  measu red  i n  
chloroform solut ion because t h e i r  refract ive indexes 
m a t c h e d  that of chloroform. It is a lso necessary to say  
t h a t ,  because of the variat ion i n  refractive index  of these  
block copolymers wi th  composition, the M w / M n  ra t ios  of 
those  samples  that had an appreciable  composi t ion dis- 
t r ibut ion a r e  probably not correct. These  samples  include 
DI-1, DI-3, DI-6, DI-8, and DI-10. As will be seen below, 
however,  errors  of 1070 o r  2070 in  molecular weight have 
n o  effect  o n  the conclusions d r a w n  in  th i s  work. 

Heat Capacity vs. Temperature for PDMS. Figure 
2 shows C, vs. T curves of a sample  of h igh  molecular 
weight P D M S  obtained during heating at 10 K min-' af ter  
cooling a t  10 and 200 K min-' f rom room tempera ture .  
After the slower cooling rate ,  t h e  sample exhibited a glass 

- PS 
3 PDWS 
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Figure 1. SEC calibration curve of PS and PDMS in chloroform. 

crystallization and mel t ing  of a large n u m b e r  of DMS 
microphases but also to obtain accurate information on t h e  
effect of thermal s t resses  on the Tg of DMS microphases  
and to compare  these wi th  theoret ical  calculations. 

Experimental Section 
PDMS. Four samples of PDMS, ranging in molecular weight 

from 5000 to 1.1 X lo5, M,/M, 5 1.21 '~~ were used in this work. 
Block Copolymers of S and DMS. Most of the S-DMS 

diblock copolymers have been described previously;' the rest of 
the diblock copolymers and all of the styrene-dimethyl- 
siloxane-styrene triblock copolymers (S-DMS-S) were kindly 
supplied to us by J. Van Dusen of the Xerox Corporation. 

Characterization. The number-average molecular weight 
( M J ,  the weight-average molecular weight (Mw), and the molecular 
weight distribution of the block copolymer samples were deter- 
mined by using size-exclusion chromatography (SEC) on a Knauer 
SEC apparatus from Utopia Instrument Co., Joliet, IL, equipped 
with a Knauer refractive index detector. Five Knauer lichrosphere 
columns with exclusion limits ranging from 5 X lo3 to 4 X lo6 
daltons were used a t  327 K with LC grade chloroform as solvent, 
1% (w/v) polymer solutions, and a 1.00 mL min-' flow rate 
through the columns. Figure 1 shows the calibration curve for 
a set of 15 PS standards, all with M J M ,  5 1.1 and the four PDMS 
standards mentioned above. Since the calibration was the same 
for both homopolymers in this solvent (this was not the case in 
toluene which was used in the previous work), correct molecular 
weights were obtained without further calculation for all block 
copolymers whose refractive index did not match that of the 
solvent. 

The compositions of the block copolymers were obtained by 
'H NMR by using a Varian XL-200 spectrometer. Five percent 
(w/v) solutions of polymer in a deuteriochloroform-carbon tet- 
rachloride mixture were examined. The broad multiplet peak 
around 6 7.4 from the aromatic styrene ring and the triplet around 
6 from the DMS methyl protons were used for analysis.' 

Differential Scanning Calorimetry (DSC). All measure- 
ments were performed on a Perkin-Elmer DSC-4 interfaced with 
an Ithaca Intersystems microcomputer using software from 
Laboratory Microsystems Inc., Troy, NY. Since all data on DMS 
microphases and PDMS were obtained below room temperature, 
liquid nitrogen was used as coolant and helium as the purge gas. 
Polymer samples weighing 15-20 mg were placed in flat aluminum 
DSC pans. Calibration of this instrument was described previ- 
ously5 except for the temperature calibration which was done by 
using 10 Fisher TherMetric standards whose melting points ranged 
from 177.5 to 423.5 K. Deviations of the measured melting points 
of the standards from those given by the supplier ranged up to 
2 K. The PDMS and block copolymer samples were cooled a t  
two different rates, 10 and 200 K min-', from above room tem- 
perature, and most of the data were collected during reheating 
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Table I 
Molecular Characterization of the Block Copolymer Samplesa 

sample wt % DMS an x 10-3 Mw x 10-3 M w / M n  designation in ref 1 

DI-2 68.0b 4.40b 5.546 1.266 1-22 
DI-1 14.0b 3.80 f 0.3 4.90 f 0.3 1.29 h 0.04 1-24 

DI-3 41.0b 9.20 f 0.1 10.5 f 0.3 1.14 * 0.02 1-15 
DI-4 21.0b 7.90 f 0.2 10.0 f 0.2 1.26 k 0.04 1-26 
DI-5 71.0b 21.gb 25.0b 1.14b 1-29 
DI-6 14.7 f 0.3 6.80 f 0.4 12.4 f 0.4 1.83 * 0.07 

7.40 f 0.4 10.9 f 0.5 1.47 k 0.01 DI-7 27.0 f 0.6 
DI-8 13.8 f 0.6 17.1 f 1.5 27.8 f 1.6 1.62 k 0.03 
DI-9 16.1b 19.2 f 1.2 24.2 f 1.5 1.05 k 0.01 D-2 
DI-10 12.1 22.6 f 1.4 28.8 f 1.5 1.27 k 0.02 D-1 
DI-11 53.0b 94.2 f 1.9 111 f 5 1.18 4Z 0.03 R-15 
DI-12 40.0b 182 f 1.3 213 f 1.6 1.16 4Z 0.02 R-8 
DI-13 34.0b 466 579 1.24 R-25 
DI-14 42.0b 613 f 14 745 f 15 1.21 f 0.01 R-26 
DI-15 92.5 f 0.3 48.2 f 0.7 58.3 f 4.0 1.11 k 0.05 

79.0 f 0.9 119 f 3 1.51 f 0.02 DI-16 93.2 f 0.3 
TR-1 92.3 f 0.2 34.2 f 0.2 44.5 f 4.0 1.30 k 0.13 
TR-2 88.8 f 0.3 49.8 74.6 1.50 

65.0 f 5.0 88.0 * 2.0 1.25 f 0.04 TR-3 92.8 f 0.2 
TR-4 87.2 f 0.3 64.8 f 1.1 80.7 f 2.0 1.25 f 0.01 
TR-5 94.3 f 0.1 78.0 f 0.9 95.2 * 0.2 1.23 f 0.03 
TR-6 93.0 f 0.2 93.4 f 8.0 142 f 6 1.51 f 0.02 
TR-7 91.2 f 0.4 95.0 114 f 10 1.30 0.02 
TR-8 96.0 f 0.2 150 i 7.0 202 f 10 1.33 f 0.01 

Errors shown are mean deviations. Data from ref 1. 

Table I1 
Glass Transition of DMS Microphases Collected on Heating at 10 K/mino 

after cooling a t  10 K/min after cooling at  200 K/min 
MJDMS) no. of no. of 

sample x runs T,, K ATg, K ACp, J / g  K runs Tg, K ATg, K AC,, J /g  K 
Fully Amorphous Microphases 

DI-10 
DI-8 
DI-6 
DI-9 
DI-4 
DI-7 
DI-3 
DI-2 

DI-13 
DI-12 
DI-14 
DI-11 
DI-5 
TR-4 
TR-2 
TR-7 
TR-1 
DI-15 
TR-3 
TR-6 
DI-16 
TR-5 
TR-8 
PDMS-2 
PDMS-3 
PDMS-4 

2.73 
2.36 
1.00 
3.09 
1.66 
2.00 
3.77 
2.99 

158 

257 
72.8 

49.9 
15.4 
56.7 
44.2 
86.6 
31.6 
44.6 
60.3 
86.9 
79.9 
73.6 

24.3 
84.1 

144 

111 

2 
3 
3 
3 
3 
3 
2 
2 

3 
3 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 

Errors shown are mean deviations. 

140 f 1 
141 I 1  
143 
141 f 1 
130 f 1 
139 f 2 
147 f 1 
153.5 f 0.5 

147 f 0.5 
147 f 1 
149.5 f 1 
1 5 0 f 2  
154 f 2 
150 f 2 
153 f 1 
152 f 1 
153 f 0.5 
149 f 1 
150 f 1 
149 f 1 
149 f 1 
152 f 1 
149 f 1 
150 f 1 
150 f 0.5 
151 f 1 

15; 1 0.253 f 0.004 
15 f 3 0.373 f 0.054 
16 f 1 0.365 f 0.049 
12 f 2 0.171 f 0.003 
7 f 3  0.212 f 0.012 

10 f 4 0.351 f 0.040 
4 f 1  0.351 f 0.070 
7.5 f 0.5 0.420 f 0.022 

Semicrystalline Microphases 
4.5 f 0.5 0.167 f 0.008 
8 f 1  0.108 f 0.007 

10.5 f 0.5 0.098 f 0.007 
10 f 4 0.073 f 0.012 
16 f 3 0.100 f 0.005 
15 f 3 0.065 f 0.008 
1 2  f 1 0.110 f 0.009 
17 f 2 0.084 f 0.008 
11 f 3 0.078 f 0.020 
17 f 2 0.091 f 0.010 
13 f 3 0.110 f 0.013 
12 f 2 0.077 f 0.007 
13 f 3 0.074 f 0.006 
16 f 3 0.073 f 0.008 
12 f 1 0.098 f 0.008 
13 f 1 0.074 f 0.005 
12  f 1 0.147 f 0.009 
14 f 1 0.101 f 0.006 

1 141 
2 141 
3 143 f 0.5 
3 140 f 1 
3 131 f 0.5 
3 139 f 1.5 
2 147.5 f 1 
2 150 f 2 

3 146 f 0.5 

2 150 
3 148 f 1 
3 147 f 2 
3 147 f 1 
3 146 f 2 
3 146 f 1.5 
3 146 f 1 
3 147 
3 147.5 f 1 
3 146 f 1.5 
3 147 f 0.5 
3 149 f 2 
3 148 f 2 
2 145 
2 145 f 0.5 
2 146 f 1 

10.5 
14 
14.5 f 1 
15 
1 2  f 0.5 
10.5 f 2.5 
7.5 f 2 
8 f 1  

4.5 f 0.5 

12.5 f 0.5 
9 f 2  
3 f l  
3 f 0.5 
3 f 0.5 
7.5 f 4 
3 f 1.5 
3 f 1  
3 
3 f 0.5 
3 f 0.5 
7 f 4  
6.5 f 4 
4 f 0.5 
3 f 0.5 
3.5 f 1 

0.232 
0.493 f 0.035 
0.318 f 0.012 
0.249 f 0.008 
0.216 f 0.012 
0.310 f 0.031 
0.326 f 0.011 
0.426 f 0.017 

0.195 f 0.009 

0.134 f 0.009 
0.160 f 0.079 
0.450 f 0.050 
0.360 f 0.070 
0.120 f 0.010 
0.130 f 0.030 
0.420 f 0.030 
0.371 f 0.005 
0.421 f 0.008 
0.400 f 0.020 
0.410 f 0.007 
0.349 f 0.026 
0.181 f 0.050 
0.431 f 0.003 
0.434 f 0.005 
0.395 f 0.005 

transition (not easily seen on Figure 2) and a doublet 
melting transition, while, after cooling at  200 K min-', the 
sample showed an appreciable glass transition and a large 
crystallization exotherm as well as a doublet melting 
transition. Doublet melting peaks have been observed by 
a number of other workers@ in samples of PDMS. Clarson 
et al? reported that very low molecular weight PDMS, M ,  
I 2460, had only a single melting peak. A secondary 
melting peak emerged as a shoulder at  a higher tempera- 
ture when the PDMS M ,  increased to 2900. The area 

under the second melting peak increased with molecular 
weight, the peaks became more separated from each other, 
and, finally, the higher temperature melting peak became 
dominant at  M ,  = 2.55 X lo4. The doublet melting peak 
has been variously attributed to reorganization of small, 
imperfect crystallites during heating7s8 or to different 
crystal forms of PDMS,g although only one crystal struc- 
ture has been reported for this polymer.'O 

Experimental data on the PDMS glass transitions are 
shown in Table I1 together with similar data on the DMS 
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Table I11 
Melting Points and  Heats of Melting and  Crystallization of DMS Microphases" 

after cooling at  10 K/min and reheating after cooling at  200 K/min and reheating 
at  10 I(/min - at  10 Kjmin 

I 

sample no. of runs T,, K AH-, J / g  no. of runs T-. K AH-. J/e  AH+. J i e  
DI-13 
DI-12 
DI-14 
DI-11 
DI-5 
TR-4 
TR-2 
TR-7 
TR-1 
DI-15 
TR-3 
TR-6 
DI-16 
TR-5 
TR-8 
PDMS-2 
PDMS-3 
PDMS-4 

3 
2 
3 
3 
3 
3 
3 
3 
3 
2 
3 
3 
3 
3 
3 
2 
2 
2 

235 f 1 
235 
234 f 1 
234 f 1 
237 f 0.5 
237 f 1 
234 f 1.5 
236 f 1 
236 f 1 
238 
237 f 1.5 
237 f 1 
237 f 1 
236 f 1.5 
235 f 1 
240 
239 f 1 
240 f 1 

Errors shown are mean deviations. 

20.6 f 0.7 
15.5 f 0.5 
14.7 f 0.8 
18.7 f 0.5 
25.3 f 0.8 
23.9 i 0.7 
21.3 f 1.2 
21.8 f 1.2 
24.8 f 0.3 
22.6 f 0.3 
24.0 f 0.3 
23.6 f 0.2 
24.4 f 0.3 
23.5 f 0.4 
21.7 f 1.2 
30.6 f 0.4 
35.2 f 0.2 
36.0 f 0.3 

Figure 2. Specific heat vs. temperature of PDMS, M ,  = 1.11 
X lo5, after cooling a t  (1) 200 and (2) 10 K min-'. 

microphases in the block copolymers. The PDMS samples 
cooled from room temperature at  10 K min-' had Tg's of 
150 K, with AT;s of 13 K. The PDMS samples cooled at  
200 K min-' had Tg's of 145 K, with ATg's 5 4 K. The 
difference in the Tg values after the different cooling rates 
is connected with the difference in percent crystallinity 
of the samples a t  the glass transition after the different 
cooling rates. After 200 K min-l cooling, the samples were 
about 14% crystalline at Tg, while after 10 K min-' cooling, 
they were 50-5970 crystalline at Tg (see Tables I11 and IV). 
All of the PDMS crystallites form inclusions in an 
amorphous PDMS matrix. They can thus exert thermal 
stresses on the matrix, densifying it slightly as mentioned 
above for rubbery matrices surrounding glassy inclusions. 
Probably, the Tg's of the samples cooled at  200 K min-' 
are very close to the Tg of fully amorphous PDMS. We 
would thus like to propose 145 K as the Tg of high mo- 
lecular weight PDMS, in contrast to the values of 148-150 
K proposed in a previous paper from this laboratory1 and 
by many  other^.^-^*"-^^ These previous values were ob- 
tained on PDMS samples and networks of unspecified 
crystallinity. The fact that increasing crystallinity in- 
creases the Tg of PDMS has been noticed by othersI7 but 
has apparently not affected the estimates of the Tg of 
amorphous PDMS in the literature. 

Table V shows the C, values below the glass transition 
and above the melting transition of a high molecular weight 

3 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 

236 f 1 19.8 f 1.1 
14.0 f 0.5 236 f 1 

234 i 0.5 14.1 f 0.5 
19.1 f 1.5 236 f 1 

238 f 1 25.1 f 0.9 
236 22.1 f 1.3 
235 f 1 22.5 f 0.5 
236 f 0.5 22.6 f 0.2 
236 f 0.5 22.9 f 0.3 
237 f 1 22.9 f 0.6 
239 f 2 25.2 f 0.4 
237 f 1.5 22.1 f 1.1 
236 f 1 23.5 f 0.8 
237 f 2 22.4 f 0.5 
237 f 0.5 24.9 f 0.4 
238.5 f 0.5 30.7 f 0.1 
240 36.8 f 0.8 
240 f 1 37.1 f 0.4 

5.61 f 0.16 

2.40 f 0.41 
18.7 k 1.9 
14.7 f 0.3 
6.1 f 2.4 
6.4 f 1.6 

19.1 f 0.4 
19.6 f 0.9 
16.2 f 0.1 
18.2 f 0.5 
16.4 f 1.9 
6.3 f 1.4 
5.7 f 3.4 

23.2 f 0.5 
28.3 f 0.3 
28.7 f 0.4 

Table IV 
Degree of Crystallinity of Semicrystalline Microphases" 

sample 
DI-13 
DI-12 
DI-14 
DI-11 
DI-5 
TR-4 
TR-2 
TR-7 
TR-1 
DI-15 
TR-3 
TR-6 
DI-1 
TR-5 
TR-8 
PDMS-2 
PDMS-3 
PDMS-4 

aF, % 
after cooling at  

10 K min-l 
33.7 f 1.1 
25.3 f 0.9 
24.0 f 1.3 
30.6 f 0.9 
41.4 f 1.3 
39.0 f 1.1 
35.8 f 2.0 
35.7 f 2.0 
40.5 f 0.4 
37.0 f 0.4 
39.2 f 0.4 
38.5 f 0.2 
39.9 f 0.4 
38.3 f 0.7 
35.5 f 0.2 
50.0 f 0.7 
57.5 f 0.2 
58.8 f 0.4 

after cooling at  
200 K min-' 
32.4 f 1.7 
22.9 f 0.9 
22.9 f 0.9 
31.3 f 2.4 
41.0 f 1.5 
36.1 f 2.2 
36.8 f 0.9 
37.0 f 0.2 
37.4 f 0.4 
34.4 f 0.9 
41.2 f 0.7 
36.1 f 1.8 
38.3 f 1.3 
36.6 f 0.9 
40.7 f 0.7 
50.2 f 0.2 
60.1 f 1.3 
60.6 f 0.7 

a1, 
after cooling at  

200 K min-' 
32.4 f 1.7 
13.7 f 0.9 
22.9 f 0.9 
27.4 f 2.5 
10.4 f 3.4 
12.1 f 2.2 
26.8 f 4.0 
26.5 f 2.7 
6.2 f 0 . 8  
5.3 f 1.8 

14.8 f 0.7 
6.4 f 2.0 

11.5 f 3.2 
26.3 f 2.4 
31.5 f 5.6 
12.3 f 0.9 
13.9 f 1.4 
13.7 f 0.9 

a aF is the final percent crystallinity just before the melting 
transition, and q is the initial percent crystallinity a t  the glass 
transition; the error limits are the mean deviations from the aver- 
age values. 

Table V 
Specific Heat of PDMS-4 a t  Various Temperatures, 

Collected on Heating at 10 K/min 

T,  K C p , "  J/g K C p b  J/g K T,  K Cp? J / g  K Cp,b J/g K 
120 0.660 1.575 0.639 305 1.538 
125 
130 
135 
140 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 

0.717 
0.754 
0.783 
0.824 
1.438 
1.439 
1.446 
1.462 
1.476 
1.467 
1.488 
1.513 
1.508 
1.516 
1.526 
1.532 

0.682 
0.717 
0.765 
0.799 
1.485 
1.487 
1.487 
1.492 
1.522 
1.508 
1.519 
1.535 
1.535 
1.551 
1.550 
1.561 

310 
315 
320 
325 
330 
335 
340 
345 
350 
355 
360 
365 
370 
375 
380 
385 

1.551 
1.558 
1.573 
1.570 
1.594 
1.608 
1.601 
1.612 
1.625 
1.656 
1.643 
1.664 
1.683 
1.690 
1.685 
1.720 

1.592 
1.615 
1.625 
1.627 
1.631 
1.644 
1.640 
1.656 
1.658 
1.681 
1.668 
1.689 
1.694 
1.693 
1.704 
1.722 

"After cooling at 200 K min-'. bAfter cooling at  10 K min-'. 
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PDMS sample after both cooling rates. Each set of num- 
bers is the average of two runs. Values obtained after the 
two cooling rates generally agree within ~ 3 % .  When the 
values shown in Table IV are compared either with those 
of Turdakin et a1.12 or Lebedev et al.16 and recommended 
by Gaur et al.,ls the deviation is within =2% for the data 
collected after 10 K min-' cooling and within -5% for that 
collected after 200 K min-' cooling. We do not report 
values of C, between the glass transition and T,  because 
these depend on the degree of crystallinity of the samples. 

Crystallization and Melting of DMS Microphases. 
Under all the conditions used in this work, DMS micro- 
phases with M ,  I 3800 did not crystallize, while those with 
M,  I 1.54 X lo4 always became semicrystalline. Such a 
change in crystallizability with molecular weight is common 
in block copolymers. Godovskii et al.19 for example, found 
that DMS microphase crystallization did not occur in 
samples of acrylate-dimethylsiloxane block copolymers 
having DMS block M ,  I 3700 even after annealing for 10 
h at  the optimum crystallization temperature. Studies on 
styrene-ethylene oxide multiblock copolymers20 showed 
that the ethylene oxide blocks did not crystallize at  block 
M ,  = 404 and crystallized only slightly at block M ,  = 900, 
slightly more a t  block M ,  = 1960, and finally, to an ap- 
preciable extent a t  block M ,  = 5650. The crystallization 
of the DMS and ethylene oxide microphases just cited, as 
well as the DMS microphases in our S-DMS block co- 
polymers, occurs in the presence of another glassy micro- 
phase. The glassy microphases thus exert a constraint on 
the crystallization of the DMS or ethylene oxide micro- 
phases in the sense that a portion of the crystallizable 
segments in the block copolymers, those near the interfaces 
with the glassy microphases, are constrained from un- 
dergoing the conformational changes necessary for crys- 
tallization. Therefore, crystallizability of the microphases 
should decrease as the surface area to volume ratio, A /  V ,  
of the microphases increases. In block copolymers, there 
is a variation of A / V  with morphology. In addition, for 
all samples morphologies, the A /  V increases as block 
molecular weight decreases. It is thus logical that there 
should be a lower limit to the block molecular weight at  
which crystallization can occur in block copolymers. 

DSC traces collected during cooling a t  10 K min-' on 
some of the homopolymers and crystallizable block co- 
polymers exhibited one crystallization exotherm each. 
Microphases with M, 1 3.2 X lo4 in samples with high, >90 
wt %, DMS content and homopolymers had crystallization 
exotherms with peaks at  201 to 205 K, while two DMS 
microphases, one with M ,  = 5.0 X lo4 and 53 wt % DMS 
in the copolymer and the other with M ,  = 1.54 x lo4 and 
71 wt 740 DMS, had crystallization exotherms with peaks 
a t  185 to 186 K. The A / V  ratios of the last two DMS 
microphases are expected to be greater than those in the 
very high DMS content block copolymers; therefore, the 
observed changes in crystallization temperature during 
cooling are probably also connected with the A /  V ratio. 
It should be more difficult to crystallize microphases with 
a higher A / V  ratio, as discussed above, so the greater 
supercooling of these samples before they crystallize seems 
reasonable. 

Figure 3 shows some representative DSC curves taken 
on reheating some of the semicrystalline block copolymers 
after different cooling rates. In contrast to PDMS, most 
of the DMS microphases had only a single melting peak 
after cooling at  10 K min-' as shown by curve 1 on Figure 
3. Only samples DI-5 and DI-15 showed evidence of a 
double melting peak after this cooling rate. Just as in 
PDMS, no crystallization occurred in any of the DMS 
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Figure 3. Specific heat vs. temperature of (1) TR-7 after 10 K 
min-' cooling, (2) TR-1 after 200 K min-' cooling, and (3) DI-16 
after 200 K min-' cooling. The ordinate is for curve 1; the other 
curves are shifted downward progressively by 0.6 J g-' K-'. 

microphases during reheating at  10 K min-' after the same 
cooling rate. After 200 K min-' cooling, however, both 
crystallization and melting peaks were observed in all the 
semicrystalline samples except for samples DI-13 and 
DI-14 which had only a melting peak. Most of the melting 
peaks were doublets except for samples DI-12, DI-13, and 
DI-14, which had single melting peaks after 200 K min-' 
cooling. Thus, most of the DMS microphases had single 
melting peaks and no crystallization peaks on reheating 
after 10 K min-' cooling, but doublet melting peaks and 
crystallization peaks on reheating after 200 K min-' 
cooling. Therefore, with the few exceptions cited above, 
the crystallites formed during cooling either had a different 
crystal structure or different crystallite size or perfection 
than those formed during reheating. 

Table I11 shows the crystallization and melting data 
obtained after both cooling rates on DMS microphases and 
on PDMS samples. The Tm's of all the DMS microphases 
were between 234 and 238 K, all slightly lower than the 
239-240 K found for PDMS. After 10 K min-' cooling, the 
DMS microphases containing >53 wt % DMS had T,  
from 234 to 235 K, while those containing >70 wt % DMS 
had T,  from 237 to 238 K. After 200 K min-' cooling, on 
the other hand, the variation in T, appeared to be random. 
Since the enthalpy of crystallization, AHc, was always 
smaller than the enthalpy of fusion, aHm, (see Table 111) 
some crystallization always occurred during cooling, even 
at 200 K min-'. 

Degree of Crystallinity of DMS Microphases. The 
enthalpy of fusion of PDMS, AHo, = 61.19 J g-',16 was 
used to calculate the degree of crystallinity of each DMS 
microphase after the two cooling rates. In Table IV, 
is the final percent crystallinity achieved by each micro- 
phase after all crystallization was complete, and aI  is the 
initial degree of crystallinity achieved by each microphase 
during cooling at 200 K min-l: 

(1) 

Table IV shows that CYF was about the same for all the 
DMS microphases and PDMS samples after both cooling 
rates. Figure 4 shows these values vs. the wt % DMS in 
the block copolymers. Figure 4 emphasizes the fact that 
the four block copolymers containing I 5 3  wt % DMS had 
aF values lower than those of the many block copolymers 
that contained 171  wt % DMS. Table IV shows that even 
these latter block copolymers had cyF values at least 10% 
lower than those of PDMS. This variation in final percent 

CYI = l O O ( A H ,  - AH,)/AHo,  
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Figure 4. Final degree of crystallinity, crF, vs. wt % DMS in the 
block copolymers. The dotted lines indicate the average degrees 
of crystallinity for the two groups of microphases. 

crystallinity is probably connected with block copolymer 
morphology. In any of the block copolymers, no matter 
how high the wt % DMS, the DMS must crystallize under 
the constraints of the attached S microphases. It is 
therefore reasonable that all the block copolymers should 
have lower values of aF than the homopolymers. Fur- 
thermore, DMS segments that exist in lamellar, cylindrical, 
or spherical DMS microphases (553 wt % DMS) are under 
more constraints than those that exist in a DMS matrix 
microphase (171 wt 9'0 DMS). 

The Glass Transition. Table I1 shows the glass tran- 
sition data on all DMS microphases and homopolymers 
after the two cooling rates. The first eight samples in the 
Table were completely amorphous after both cooling rates; 
these samples had DMS microphases with M,, I 3800. All 
other samples, including the homopolymers, were semi- 
crystalline. In general, the Tis  of the semicrystalline DMS 
microphases were lower after 200 K min-' cooling than they 
were after 10 K min-I cooling, except for samples DI-13 
and DI-14, which had the same percent crystallinity after 
both cooling rates. All other DMS microphases, as shown 
in Table IV, had a lower percent crystallinity at  the glass 
transition, aI, after 200 K min-' cooling than after 10 K 
min-l cooling. As in the case of PDMS homopolymers, 
phases with higher crystallinity have higher Tis. Even the 
DMS microphases with degrees of crystallinity as low as 
those of PDMS after 200 K min-' cooling had Tg's aver- 
aging 2 deg higher than those of these PDMS samples. 
The DMS microphases have thermal stresses arising from 
the presence of both the crystallites and the S microphases, 
both causing an increase in Tg for these microphases, which 
are all, by the way, in block copolymers having 140 wt % 
DMS. The greater the percent crystallinity at  the glass 
transition, the larger the observed value of AT for both 
the DMS microphases and the PDMS samples. %'he DMS 
repeat units near the attached crystallites are under 
thermal stress and should therefore undergo the glass 
transition at a slightly higher temperature than the DMS 
repeat units farther from the crystallites. This explanation 
is consistent with the increase of both AT,  and Tg with 
increasing crystallinity. The ACp's of most of the micro- 
phases and homopolymers, even the fully amorphous 
microphases, were less than the value of 0.50 J g-l obtained 
by Godovskii e t  al.17 for liquid nitrogen quenched, pre- 
sumably 100% amorphous PDMS. In the case of the 
semicrystalline phases, this AC, decrease may be attrib- 
uted to the fact that the crystalline DMS segments are not 
undergoing the glass transition. In the case of the fully 
amorphous DMS microphases, some of the DMS segments 
are often mixed into the styrene, S, microphases and un- 
dergo the glass transition with the S segments. This 
mixing has been discussed previously' and will be further 
discussed later.21,22 

1301 + 

1 
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Figure 5. Glass-transition temperature vs. wt  % DMS in the 
block copolymers. The crosses are for fully amorphous DMS 
microphases and the circles are for semicrystalline DMS micro- 
phases with 515% crystallinity. The dotted line indicates the 
Tg of almost amorphous PDMS, 145 K. 

There is essentially no difference between the T i s  ob- 
tained on the fully amorphous DMS microphases after the 
two different cooling rates. Most of the Tis,  however, are 
lower than those of the almost amorphous PDMS samples. 
Figure 5 shows the T i s  of these fully amorphous DMS 
microphases vs. the wt % DMS in the block copolymers. 
Samples with wt % DMS I 27% have T 's that average 
139 f 3 K, while the two amorphous Did's microphases 
in samples with 41 and 72 w t  % DMS have an average Tg 
of 150 K. Thus, the samples containing such low per- 
centages of DMS that the DMS microphases are almost 
certainly inclusions in an S matrix have Tis that are, on 
the average, depressed 6 K below that of almost amorphous 
PDMS. This depression of the Tg is almost certainly 
caused by dilatational thermal stresses and will be dis- 
cussed and calculated below. The T i s  of the microphases 
in the samples with higher DMS content are slightly ele- 
vated above that of almost amorphous PDMS as are those 
of the DMS microphases which had very low percent 
crystallinity a t  the glass transition; these are also shown 
in Figure 5. All these slightly crystalline DMS microphases 
were in block copolymers containing 134  wt 70 DMS. It 
is a moot point whether the sample with 34 wt 70 DMS 
consisted of cylindrical inclusions of DMS in an S micro- 
phase or whether this sample had a lamellar morphology. 
A t  any rate, for most of the amorphous or almost amorp- 
hous DMS microphases with Tg's above that of almost 
amorphous PDMS, the slight increase of Tg was that ex- 
pected for a DMS matrix around an S inclusion. 

The magnitude of the thermal stresses and thus the 
lowering of the T of the DMS inclusions in the S matrix 
can be estimated by using the equations developed by 
Paterno and Sternsteid for isolated spherical rubbery 
inclusions in a glassy matrix. As a first approximation, the 
change of Tg with pressure was assumed constant 

6Tg/FP = D (2) 

where P is pressure and D is a constant that is not known 
for PDMS, so that we used the average of the valuesz3 for 
polyisoprene, polybutadiene, and polyisobutylene, ATg/ 6P 
= 0.23 K MPa-l, for our calculations. The thermal stresses, 
uL, in the DMS inclusions were estimated by using2 

(3) 

where Ez is the Young's modulus of the glassy matrix, cy1 
and cyz are the thermal expansion coefficients of the rubber 
and glass, respectively, AT is the difference between the 
T, of the matrix and the temperature of interest, f is the 
volume fraction of the rubbery inclusions, and K is 

U~ = [-2Ez(al - mZ)AT(l  - f ) ] / K  

K = 2f(l - 2 ~ z ) ( l  + C Y ~ A T )  + (1 + ~ z ) ( l  + a l A r )  + 
(2Ez/E,)(1 - 2 ~ , ) ( 1  - f)(l + azATl (4) 
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Figure 6. Calculated Tg lowering due to thermal stresses of DMS 
spherical inclusions in an S matrix vs. volume fraction DMS in 
the block copolymer when El = 2.10 MPa. 

where El is the Young’s modulus of the rubber and v1 and 
v2 are the Poisson’s ratio of the rubbery inclusions and the 
glassy matrix, respectively. The magnitude of the stress 
estimated from eq 4 is in only one dimension. The low- 
ering of Tg, however, is proportional to the three-dimen- 
sional dilatational stress which is equal to the first in- 
variant in the rubber, three times the calculated value of 
ui in this case. 

The values of material properties used for the glassy 
matrix were those of bulk PS: E2 = 2.8 X lo3 MPa, v2 = 
0.35, and cy2 = 0.8 X 10-4.24 The thermal expansion coef- 
ficient of PDMS, cy1 = 9.1 X 104,25 was used for the DMS 
inclusions. Since values of Young’s modulus or Poisson 
ratio were not found for PDMS, the coefficient of iso- 
thermal compressibility of high molecular weight PDMS, 
1.238 X lo9 cm3 J-1,26 was converted to the bulk modulus 
which, together with the shear modulus, can be used to 
calculate both the Young’s modulus and the Poisson ratio. 
The reported values of the shear modulus of cross-linked 
PDMS range from 0.669 to 2.07 MPae2’ This range of 
shear moduli gave values of v1 equal to almost exactly 0.5 
and a range of El values of 2.10-6.21 MPa. The weight 
fractions of DMS in the block copolymers were converted 
to volume fractions by using 1.05 g cm-3 24 for the density 
of PS, and 1.00 g cm-325 for the density of PDMS. A value 
of -200 K, near the DMS Tg’s, was used for AT. 

Figure 6 shows the calculated 6Tg of the DMS inclusions 
in an S matrix by using El = 2.10 MPa and values of v1 
equal to 0.5 and two other values near 0.5. The Poisson 
ratio of 0.500 gives impossible values of 6Tg, below 0 K. 
A Poisson ratio of 0.495, however, gives a 6Tg close to the 
6 K actually observed (see Figure 5). Figure 6 shows that 
very small changes, e l % ,  in the Poisson ratio have a large 
effect on the calculated Tg of the rubbery inclusions. The 
effect of changing El at constant v1 is not as dramatic. For 
example, if v 1  is held constant at  0.495, then 6T = 12 K 
when E ,  is increased to 6.1 MPa. A decrease of 8, to 0.63 
MPa, on the other hand, gives a 6Tg = 2 K. Thus, the Tg 
of the rubbery DMS inclusions is not extremely sensitive 
to changes in their Young’s modulus. 

Because of the uncertainity in the material parameters 
of PDMS, and also because the microphases in block co- 
polymers are not isolated, we can only demonstrate that 
reasonable values of the material parameters of PDMS 
lead to the observed values of the Tis. Furthermore, when 
the rubbery inclusions are not isolated, the stress field in 
the matrix will be different, and thus the stress field in 
the inclusions will also be affected. 

Conclusions 
1. The correct T of amorphous PDMS after 200 K 

the PDMS is appreciably crystalline, its Tg increases to 
about 150 K, probably due to the thermal stresses induced 
in the amorphous DMS matrix surrounding the DMS 
crystallites. 

2. Fully amorphous DMS microphases in S-DMS block 
copolymers containing 128  wt % DMS had T i s  that were 
6 f 3 K lower than the proposed value for amorphous 
PDMS. This Tg lowering was apparently caused by 
thermal stress effects, as confirmed by calculations. Fully 
amorphous and slightly crystalline DMS microphases in 
block copolymers containing 134 wt % DMS had Tis very 
close to those of appreciably crystalline PDMS. This Tg 
increase was also attributed to thermal stress effects. 

3. DMS blocks with molecular weights 53800 did not 
crystallize under the conditions used in this work, while 
those with molecular weights 215 400 became partly 
crystalline. 
4. The degree of crystallinity of semicrystalline DMS 

microphases which had been cooled from room tempera- 
ture at  10 K min-’ and then reheated at  10 K min-’ av- 
eraged 10% higher in samples containing 171 wt % DMS 
than in those containing 1 5 3  wt% DMS. These results 
were connected with the different surface-to-volume ratios 
of the microphases. 

5. Single melting peaks were observed in DMS micro- 
phases which had been cooled at 10 K m i d ,  while doublet 
melting peaks were observed after 200 K min-’ cooling. It 
is not known whether the doublet melting peaks are due 
to crystallites of different size and perfection or to different 
crystal forms of PDMS. 
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ABSTRACT Dynamic viscoelastic and steady-flow properties of molten ABS polymers with different grafting 
degree were measured by using a concentric cylinder-type rheometer. It was found that the viscoelastic functions, 
in terms of storage shear modulus G'and loss shear modulus G"as a function of angular frequency w and 
shear stress T as a function of shear rate i., depend strongly on grafting degree in the longtime region associated 
with particle-particle interactions. As the grafting degree increases, the viscoelastic functions first decrease 
and then increase. The minima in the functions occurred at the grafting degree of about 0.45 for ABS polymers 
having rubber particle size of 170 nm. When the grafting degree is below or above 0.45, second-plateau regions 
in G'and yield stresses in the flow curves were observed in the long-time region. Observation of the state 
of dispersion of rubber particles by transmission electron microscope revealed that the rubber particles of 
samples having the minima in the viscoelastic functions are finely dispersed but that those of the other samples 
exhibiting second plateaus or yield stresses form an agglomerated or a three-dimensional network structure 
of rubber particles. Relationship between grafting degree and colloidal stability of rubber particles is also 
discussed. 

Introduction 
Recently, many kinds of rubber-modified thermoplastic 

polymers have been developed and used in industrial fields. 
By blending of rubber component to rigid polymers, im- 
pact strength of the polymer is improved, while the other 
properties, for example, modulus and processability, are 
generally deteriorated. Therefore, it is very important for 
development of rubber-modified polymers to find how to 
improve the impact strength without deterioration of the 
other properties. 

ABS (acrylonitrile-butadiene-styrene) polymers are one 
of the most typical rubber-modified polymers commer- 
cialized at  about 3 decades ago. Manufacturing of ABS 
polymers first was made by blending of AS (acrylo- 
nitrile-styrene) copolymer and rubber. Nowadays, ABS 
polymers of graft type are made by copolymerizing styrene 
and acrylonitrile monomers in the presence of rubber. 
During the polymerization some of the AS copolymers 
become grafted to the rubber. These grafted AS co- 
polymers act as a dispersing agent. Physical properties 
of ABS polymers are influenced by not only the rubber 
content, rubber particle size, and molecular weight of the 
matrix AS copolymer, but also the quantity, composition, 
and molecular weight of the grafted AS copolymer on the 
surface of rubber particles. 

We have made model ABS polymers by emulsion po- 
lymerization and studied dynamic viscoelastic properties 
of the polymers in the molten state for several years.'+ We 
found that there are two kinds of ABS polymers, each 
having a different dynamic behavior.1,2 One kind has the 
second-plateau region. In other words, it exhibits the 
pseudoequilibrium modulus (G,) that storage shear mo- 

dulus G'does not depend on frequency at a low frequency, 
as was previously found by Zosel' and Moroni and Casale;a 
the other does not have the second-plateau region and its 
G'decreases with a lowering of frequency. The former was 
found in the systems in which rubber particles agglomerate 
in the matrix phase (or form three-dimensional network 
structure), while the latter was found in finely dispersed 
systems without agglomerated structure. It was also found 
that the viscoelastic properties of ABS polymers are in- 
fluenced by acrylonitrile content (AN%) in grafted AS 
copolymers3 and by rubber particle ~ i z e . ~ , ~  When the 
difference in AN% between grafted and matrix AS co- 
polymers was small, the rubber particles were dispersed 
finely without agglomeration, and no G, was found. The 
mismatching of AN% caused the agglomeration of par- 
ticles and led to  the observation of G, in these ABS sys- 
tems. We also reported that the long-time relaxation 
spectra of ABS polymers having good dispersion of par- 
ticles are remarkably affected by the rubber particle s i ~ e . ~ , ~  

Huguet and Paxton made some model ABS polymers 
in which the amount of graft is varied for several particle 
sizes of rubber and found that the melt viscosities of these 
polymers first decrease and then increase as the grafting 
degree  increase^.^ Their measurement was made by a 
capillary rheometer and then was limited at  high shear 
rate. Rheological properties of ABS polymers show 
anomalous behavior in the long-time region.'-l0 Therefore, 
it is of interest to study the relationship between the 
grafting degree and the rheological properties in the 
long-time region. 

In this paper, we made model ABS polymers in which 
only the amount of grafted AS copolymers is varied, and 
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